The effects of the accessory gene regulator (agr) and glucose on staphylococcal enterotoxin type C (SEC) gene (sec+) expression were examined. For the agr studies, a TnS51 insertionally inactivated agr was transferred into two different sec+ Staphylococcus aureus strains. Western blot (immunoblot) analysis showed that each of the sec+ Agr-derivatives produced less extracellular SEC than their Agr+ parent strains. Analysis of Northern (RNA) blots was consistent with at least part of the agr effect being at the level of steady-state sec+ mRNA. We examined the glucose effect on sec+ expression by utilizing both a fermentor system with a completely defined amino acid-containing medium in which the pH of the medium was maintained at 6.5 and a shake flask system with a complex medium in which the pH was allowed to fluctuate during bacterial growth. In both systems, samples from the cultures containing glucose had less extracellular SEC and less steady-state sec+ mRNA compared with the control cultures which lacked glucose. An intact agr was not required for the glucose effect on sec+ expression; MJB407, an Agr-sec+ strain, produced more SEC and had more steady-state sec+ mRNA when grown in medium that lacked glucose compared with medium that contained glucose.
Staphylococcal enterotoxins are well known as the cause of the intoxication staphylococcal food poisoning, a common cause of confirmed foodborne disease in the United States (24) . In addition, epidemiological and experimental data have implicated the enterotoxins as important virulence factors in some toxic shock syndrome-like cases (9, 12, 13, 19, 31, 38) .
The staphylococcal enterotoxins are classified into five major serological groups (A through E, referred to as SEA through SEE) (2) . Each is a simple, single-chain extracellular protein (2) . The nucleotide sequences have been determined for each staphylococcal enterotoxin type (1, 3, 5-8, 17, 23) . Among these genes, there is 43 to 85% nucleotide sequence identity; the genes for SEA (sea') and SEE (see') are the most closely related (85% nucleotide sequence identity) followed by the SEB and SEC gene pair (seb+ and sec+) which share 75% nucleotide sequence identity with one another.
The phenomenon of staphylococcal enterotoxin regulation by glucose has been studied under several different culture conditions. In addition to glucose and glucose analogs, glycerol, maltose, and pyruvate also result in a decrease in extracellular enterotoxin concentration (18, 22, 40, 41) . The glucose effect on staphylococcal enterotoxin production is not simply due to a decrease in the pH of the glucosecontaining cultures. Jarvis and co-workers demonstrated that glucose affects SEA, SEB, and SEC production in batch cultures with the pH maintained at 6.5 (22) . landolo and Shafer demonstrated a glucose effect on SEB production with a complex medium buffered with 1% K2HPO4; in this medium, the pH of the cultures never dropped below 6.8 (18) . The effect on staphylococcal enterotoxin production is not altered by cyclic AMP (18) .
agr is an accessory gene regulator that affects the production of several exoproteins including a-hemolysin, P-hemolysin, toxic shock syndrome toxin-1, coagulase, and protein A (20, 34) . There is also evidence that agr affects the expression of some types of enterotoxins. More SEB and SED are produced in strains that have active agr+ alleles than by derivatives that have an insertionally inactivated agr (1, 14) . For seb+, the agr effect is at the level of steady-state seb+ mRNA (14) . In this study, sec+ expression was examined. For FRI1230, there was a dramatic increase in the extracellular SEC concentration following exponential growth. This increase correlated with a peak in the level of steady-state sec+ mRNA. Two sec+ strains with insertionally inactivated agr alleles produced less extracellular SEC and less sec+ mRNA than their agr+ parent strains. Glucose resulted in decreased amounts of both extracellular SEC and steadystate sec+ mRNA. The glucose effect on sec+ expression does not require an intact agr because an Agr-strain, MJB407, still exhibited a glucose effect on sec+ expression.
MATERIALS AND METHODS
Bacterial strains, plasmids, phage, and culture conditions. Bacterial strains and plasmids used in this study are described in Table 1 .
The following growth conditions were referred to as the "shake flask system." Cultures were grown in 2-liter Erlenmeyer flasks that contained 500 ml of medium consisting of 3% (wt/vol) N a Hem' signifies that there was a zone of hemolysis surrounding the colonies following incubation on medium containing sheep erythrocytes.
b TnSSI encodes a determinant for erythromycin resistance (Emr) (29) .
c FRI400 was transduced with a lysate of phage 80(x that had been prepared on strain ISP546.
was monitored by using ColorpHast pH paper (VWR, Chicago, Ill. Medium and conditions used to store and grow E. coli have been described (3) .
Glucose assay. The glucose concentrations of the culture samples were determined with the 16-UV glucose assay kit (Sigma). Transduction. Phage 80o transducing lysates were propagated on donor strains as described previously (39) . Transductions were performed essentially by the method of Schroeder and Pattee, except for two modifications (39) . The multiplicity of infection was increased to between 2 and 5 and the recipient cells that had been resuspended in Trypticase soy broth (109 CFU/ml; BBL Microbiology Systems) were incubated at 56°C for 3 min prior to the addition of the transducing lysate. These modifications were required for successful transduction of both FRI400 and FRI1230, using transducing lysates prepared on either ISP484 or ISP546.
Extraction of RNA and Northern (RNA) blot analysis. RNA was prepared by the method described by Sandler and Weisblum (37) . OD readings were used to determine the quality and concentration of RNA (26) . Visualization of the RNA samples on a 1% ethidium bromide-stained agarose gel did not reveal any DNA contamination. For the RNA preparations, the A260/A280 ratio was between 1.9 and 2.0.
For a given gel, the undiluted samples contained the same quantity of RNA as determined by the A260 Samples were electrophoresed through a gel of 1.0% agarose-2.2 M formaldehyde, and the gel running buffer was 0.2 M morpholinepropanesulfonic acid-50 mM sodium acetate-5 mM EDTA (pH 7). RNA was transferred from the gel onto Nytran filters (Schleicher & Schuell, Keene, N.H.) and hybridized to a 32P-labeled sec+-specific (C-562) probe, using a procedure described previously (26) . Northern blot analysis of RNA from sec+ strains, using C-562 as the probe, revealed one signal. C-562 did not detectably hybridize to any RNA isolated from the non-enterotoxin-producing strain RN450 (data not shown). Radiation on the filter was quantified by the Ambis Radioanalytic Imaging System (AMBIS Systems, San Diego, Calif.). The relative amounts of RNA among samples were determined by using data corresponding to sample dilutions that produced signals which were on the linear portion of the dose (dilution factor)-response (signal intensity) curve. Finally, the intensities of the signals of the 23S and 16S rRNA species as visualized by the methylene blue stain were compared to verify that comparable dilutions of different samples contained the same amount of total cellular RNA. All experiments that involved determination of relative amounts of sec+ mRNA or extracellular SEC were performed at least twice; representative blots are shown in Fig.   1 , 2, 4, 5, 7, and 8.
Labeled probes. Protocols used for isolation of E. coli plasmid DNA, DNA endonuclease restriction digestions, isolation of DNA fragments from agarose gels, and labeling of double-stranded DNA with 32P have been described elsewhere (3).
The probe used for detection of sec+ mRNA in Northern blot analysis and sec+-containing restriction endonuclease fragments in Southern blot analysis was derived from pMJB124 (7) . It was a 562-bp SspI fragment that consisted solely of sec+ sequence (designated probe C-562) (7). The probe used for detection of agr-containing restriction endonuclease fragments in Southern blot analysis was a 1.2-kbp insert fragment of pRN6656 (33 (Fig. 2 contains representative data) . (Fig. 4A) . Differences in the concentration of extracellular lucose on sec+ expression. The glucose effect on SEC and sec+ mRNA between the control and test cultures SEC production by FRI1230 was examined first were observed following exponential growth (Fig. 4A) . Maxshake flask system. Samples were prepared imal steady-state sec+ mRNA was detected when the cul- (Fig. 3) . Supernatants from expoof 6 .0 revealed that the control culture contained at least e cultures (OD540, 2.5) grown in medium con-32-fold more accumulated SEC and steady-state sec+ mRNA by visual inspection ( Fig. 4 ; all dilutions for the Northern blot are not shown). FRI1230 grown in the presence of glucose and the control culture which lacked added glucose showed very comparable growth (Fig. 3) ; however, the pHs for the two cultures C diverged. During the course of the experiment, the pH of the between the accumulated SEC in the test and control culff d tures was not apparent until after the pHs of the cultures diverged (data not shown). Other workers have demonstrated that staphylococcal enterotoxin production is sensitive to the pH of the medium (15, 16, 36) . Therefore, with the shake flask system, it was not possible to differentiate between glucose affecting sec+ expression due to pH variations as opposed to another mechanism independent of pH. 1 2 4 8 1 2 4 8 1 2 4 8 16 32 1 2 4 1 2 4 2 1 2 1 2 4 1 2 4 1 2 4 8 16 32 ..
FIG. 4. Western (A)
and Northern (B) blot analyses of FRI1230 samples taken from cultures grown in shake flasks with medium consisting of 3% N-Z amine type A and 1% yeast extract that either contained or lacked glucose. OD540 refers to the ODs of the culture when the samples were prepared. (A) Samples of culture supernatant were electrophoresed through a 12.5% acrylamide gel, electrophoretically transferred to a nitrocellulose membrane, reacted with antiserum prepared against SEC, and visualized by using the Protoblot Western Blot AP System. Samples with the same dilution factor contain the same amount of culture supernatant. (B) Total cellular RNA was electrophoresed through a 1% agarose gel, transferred to a Nytran membrane, and reacted with a 32P-labeled sec+-specific probe, C-562. Different samples with the same dilution factor contain the same amount of total cellular RNA. the control culture had at least eightfold more SEC than samples from the glucose-containing test cultures (Fig. 5) .
The glucose effect on sec+ expression was examined using the fermentor system with the pH of the cultures maintained at 6.5. As judged by OD540 values, the growth of the control culture was slightly slower than that of the test culture (Fig.  6 ). Samples were prepared 5 and 6.5 h after inoculation, corresponding to 1.5 and 3 h after the end of the exponential growth phase. In three separate experiments, supernatants from the control culture had about fourfold more SEC than supernatants from the glucose-containing culture (Fig. 7A) . Analysis of Northern blots probed with 32P-labeled C-562 in separate experiments revealed that samples prepared from the control culture had approximately fourfold more steady- Western blot analysis of samples prepared from FRI1230 cultures grown in fermentors, using the completely defined amino acid-containing medium. The glucose concentration of the test culture was maintained between 14 and 20 mg/ml. pHs of the cultures were not maintained. After 4 h of incubation, both cultures had an OD540 equal to 4.5. When the samples were prepared after 5 h of incubation, the test culture had an OD540 of 5.0, but the control culture had reached an OD540 of 6.0. Samples with the same dilution factor contain the same amount of culture supernatant. Samples of culture supernatant were electrophoresed through a 12.5% acrylamide gel, electrophoretically transferred to a nitrocellulose membrane, reacted with antiserum prepared against SEC, and visualized by using the Protoblot Western Blot AP System. state sec+ mRNA than samples from the cultures grown in glucose-containing medium (Fig. 7B) .
In an effort to determine whether the glucose effect on sec+ expression required an intact agr, an Agr-strain (MJB407) was examined under conditions of maintained glucose concentration and pH, utilizing the fermentors. To achieve similar growth patterns for the control and test cultures of MJB407, it was necessary to increase the air flow to 0.8 liter/min. Western blot analysis of culture supernatants was consistent with the control culture having at least eightfold more SEC than the test culture (Fig. 8A) . Northern blot analysis revealed that the control culture contained 16-fold more sec+ mRNA than the test culture (Fig. 8B) .
DISCUSSION
Western blot analysis of culture supernatants of FRI1230 prepared when the culture had OD540 values of 1 through 6 revealed that there was a dramatic increase in the amount of extracellular SEC during postexponential growth as compared with the exponential phase. This increase in the amount of extracellular SEC occurring after the exponential phase is similar to that observed for SEB production by S. aureus S6. SEC and SEB production are unlike SEA production by S. aureus FRI100: SEA production paralleled growth and apparently stopped during the transition into stationary phase (10) . Northern blot analysis of FRI1230 samples taken postexponentially had a greater concentration of steady-state sec+ mRNA than samples taken from exponential-phase cultures ( Fig. 1 and 4) . The correlation between the increase in extracellular SEC and steady-state sec+ mRNA following the exponential phase was consistent with an increase in sec+ transcription or sec+ mRNA stability.
agr affects postexponential phase expression of several proteins (20, 34) . For seb+, hly, spa, and tst, the agr product is thought to act at the level of transcription (14, 20, 34) . We demonstrated that an intact agr was required for maximal sec+ expression by strains MJB466 and FRI400 ( Fig. 2A) Enterotoxin production is affected by the pH of the growth medium (15, 16, 36) . The decrease in pH for cultures grown in glucose-containing media is probably due to acidic end products of glucose fermentation. Part of the apparent glucose effect on SEC production in cultures in which pH was not maintained may have been due to changes in the pH of the medium during growth. Attempts have been made to utilize nonfermentable glucose analogs to demonstrate that the glucose effect on SEA and SEB production is not solely due to a drop in pH of the medium (18, 40) . It is difficult to interpret these experiments because these analogs inhibit growth of enterotoxin-producing S. aureus strains (18, 40) . Our attempts to prevent pH fluctuation of the medium in the shake flask system, using K2HPO4 as a buffer, were unsuccessful; 1% K2HPO4 was not able to buffer sufficiently and 2% K2HPO4 inhibited FRI1230 growth. Because of these problems in the shake flask system, we switched to a fermentor system that allowed the pH of the culture to be maintained. The medium containing 3% N-Z amine type A and 1% yeast extract resulted in poor growth and low SEC production in the fermentor system. Therefore, we chose a completely defined amino acid-containing medium that had been used by Jarvis and co-workers in fermentors (22) . Using the fermentor system, the glucose effect on sec+ expression was compared under similar conditions of maintained and nonmaintained pH; based on densiometric analysis of Western blots from separate experiments, there was a slightly greater glucose effect under conditions of nonmaintained pH (Fig. 5 and 7A) .
In both the shake flask and fermentor systems, FRI1230 grown in medium containing glucose produced less SEC and contained less steady-state sec+ mRNA compared with samples prepared from cultures grown in medium that lacked glucose (Fig. 4 and 7) . These observations were consistent with the glucose effect on sec+ expression being at the level of transcription, although we have not ruled out an effect on sec+ mRNA stability. Recently, Oskouian and Stewart reported that the glucose effect on the staphylococcal lac operon is also at the level of steady-state mRNA, based on the comparison of the amount of lac mRNA present when cultures were grown in either the presence or the absence of added glucose (30) .
agr affects postexponential-phase expression of several staphylococcal proteins including SEB, ot-hemolysin, r-hemolysin, and lipase which are also affected by glucose (4, 11, 14, 22, 34) . We observed that maximal sec+ expression was dependent on agr, and results from the shake flask system were consistent with the glucose effect on sec+ expression occurring after the exponential phase (Figs. 2 and 4A ). Therefore, it was conceivable that the glucose effect on sec+ expression was mediated through agr. To address this question, MJB407, an Agr-derivative of FRI1230, was examined. This strain exhibited decreased levels of extracellular SEC and sec+ mRNA when grown in the presence of glucose, suggesting that an intact agr is not required for the glucose effect on sec+ expression (Fig. 8 ).
